The thermophotovoltaic cells which can convert the infrared radiation from room-temperature surroundings into electricity are of significance due to their potential applications in many fields. In this work, narrow bandgap Bi2Te3/Sb2Te3 thin film thermophotovoltaic cells were fabricated, and the formation mechanism of Bi2Te3/Sb2Te3 p-n heterojunctions was investigated. During the formation of the heterojunctions at room temperature, both electrons and holes diffuse in the same direction from ntype Bi2Te3 thin films to p-type Sb2Te3 thin films rather than conventional bi-directional diffusion. Because the strong intrinsic excitation generates a large number of intrinsic carriers which weaken the built-in electric field of the heterojunctions, their I-V curves become similar to straight lines. It is also demonstrated that Bi2Te3/Sb2Te3 thermophotovoltaic cells can output electrical power under the infrared radiation from a room-temperature heat source. This work proves that it is possible to convert the infrared radiation from dark and room-temperature surroundings into electricity through narrow bandgap thermophotovoltaic cells.
I. INTRODUCTION
In recent years, thermophotovoltaic cells have become attractive due to their capability to convert heat into electricity directly [1] . Different from solar cells which absorb visible and near infrared photons, the thermophotovoltaic cells can absorb long-wavelength infrared photons because they are made of narrow bandgap semiconductors. Considering the extensive application of the cells, many efforts have been paid and good progresses have been made [7] [8] [9] [10] [11] .
So far, all of the researches in this field focus on the thermophotovoltaic cells which work well under the radiation from the heat sources with high-temperature [12] [13] [14] [15] . It has not been reported about the thermophotovoltaic cells which can absorb the infrared photons radiated from roomtemperature objects. The possible reason is that this kind of cells are made of the narrow bandgap semiconductors which have strong intrinsic excitation effect at room temperature. The effect generates a large number of intrinsic carriers which deteriorate the rectification characteristics of p-n junctions [16, 17] .
Due to their potential applications, it is of significance to develop the thermophotovoltaic cells which can convert the room-temperature radiation into electricity. In this work, we have fabricated the thermophotovoltaic cells with the p-n heterojunctions consisting of n-type Bi2Te3 thin films and ptype Sb2Te3 thin films, both of which are narrow bandgap semiconductors and can absorb the infrared photons radiated from room-temperature objects. The formation mechanism of the heterojunction at room temperature is investigated, and * lcg@seu.edu.cn the output electrical power of the cells is measured.
II. EXPERIMENT

FIG. 1. The schematic structure of the narrow bandgap
Bi2Te3/Sb2Te3 thermophotovoltaic cells.
The schematic structure of Bi2Te3/Sb2Te3 thermophotovoltaic cells is shown in Fig. 1 . In the experiments, 100 nm Mo films were at first deposited on quartz substrates (2 cm×2 cm) as the bottom electrode by DC magnetron sputtering. Then, Bi2Te3 thin films and Sb2Te3 thin films were deposited by RF magnetron sputtering successively. RF powers for depositing Bi2Te3 and Sb2Te3 thin films were 100 W, and the sputtering time of Bi2Te3 and Sb2Te3 thin films was set as 300 s and 400s, respectively. 100 nm Au films as the top electrode were fabricated by vacuum thermal evaporation.
The I-V curves of the heterojunction were measured at liquid nitrogen temperature and at room temperature by Keithley 2400. The carrier concentration was given by HMS-5000 Variable Temperature Hall Effect Measurement System. The compositions of Bi2Te3 thin films and Sb2Te3 thin films were measured by AMETEK PV77-60680 ME EDX.
We also tested the short-circuit current and the opencircuit voltage of Bi2Te3/Sb2Te3 thermophotovoltaic cells under the radiation from the heat source with different temperatures. The cells were put into a stainless steel box with an aperture of the diameter 1 cm, through which the infrared photons emitted from an outside heat source can reach the cells. A copper coil was electrically heated and used as the heat source whose temperature varies from 300 K to 470 K. During the test, the thermophotovoltaic cells is fixed at room temperature. It is a typical I-V curve which verifies the formation of the p-n junction. When the temperature rises to room temperature (300 K), the I-V curve becomes different, as shown in Fig.  3(b) . For the purpose of comparison, the tangent line of the I-V curve at 0.15 V is given. It can be seen that the I-V curve becomes similar to a straight line. This indicates that, at room temperature, Bi2Te3/Sb2Te3 heterojunctions are more similar to a resistor than to a p-n junction.
III. RESULTS AND DISCUSSION
This phenomenon can be attributed to the intrinsic excitation in Bi2Te3/Sb2Te3 heterojunction. At liquid nitrogen temperature, the intrinsic excitation is weak and the intrinsic carrier concentration is negligible. In this case, the p-n heterojunctions are formed through the bi-directional diffusion of the majority carriers and have a typical I-V curve.
However, at room temperature, the intrinsic excitation becomes strong and the intrinsic carrier concentration can not be neglected. The p-n junctions are formed through the carriers' diffusion in the same direction instead of the conventional bi-directional diffusion. The followings are the detailed explanation. . Because the excited electrons and holes are generated in pairs by the intrinsic excitation, the majority carrier concentrations at room temperature can be considered approximately as the sum of the majority carrier concentrations at liquid nitrogen temperature and the intrinsic carrier concentrations at room temperature. The minority carrier concentrations at liquid nitrogen temperature is negligible, so it is reasonable to think that, at room temperature, the minority carrier concentrations are equal to the intrinsic carrier concentrations which are the differences between the majority carrier concentrations at liquid nitrogen temperature and that at room temperature. Therefore, from the data in Table I , it can be calculated that, at room temperature, the minority carrier concentration in Bi2Te3 is about 1.52×10 20 cm -3 and that in Sb2Te3 is about 1.45×10 19 cm -3 . Clearly, they are comparable with the corresponding majority carrier concentrations.
It can also be known from Table I that the minority carrier (hole) concentration in n-type Bi2Te3 thin films are much higher than the majority carrier (hole) concentration in p-type Sb2Te3 thin films at room temperature. This leads to a case that both the majority carriers (electrons) and the minority carriers (holes) in Bi2Te3 thin films diffuse in the same direction from the n-type Bi2Te3 to the p-type Sb2Te3, as shown in Fig. 4 . This is different from the bi-directional diffusion in a typical p-n junction.
Because, in n-type Bi2Te3 thin films, the electron's concentration is higher than the hole's concentration, the diffusion results in a net accumulation of the electrons in the p-type region. This results in a built-in electric field near the interface, which prevents the diffusion of the electrons and promote the diffusion of the holes. With the more electrons entering into the p-type region, the built-in electric field becomes stronger, so the diffusion of the electrons is gradually weakened until the diffusion of the electrons is completely balanced by the diffusion of the holes.
FIG. 4. Diffusion of the carriers in Bi2Te3/Sb2Te3 heterojunctions at room temperature (300 K).
Different from the typical p-n junction in which the intrinsic excitation is ignorable, the intrinsic excitation play an important role during the formation of Bi2Te3/Sb2Te3 heterojunction. Driven by the built-in electric field, the intrinsically excited electrons and holes near the interface drift to the n-type region and the p-type region, respectively. These drifting carriers neutralize the accumulated charges which come from the carrier's diffusion and weaken the builtin electric field. So, when a voltage is applied on the heterojunctions, they behave like a resistor rather than a p-n junction. This is the reason why the I-V curve in Fig. 3(b) is similar to a straight line instead of a typical I-V curve of a pn junction.
The thermophotovoltaic cells including Bi2Te3/Sb2Te3 heterojunctions were tested at room temperature. Figure 5 shows the short-circuit current and the open-circuit voltage under the radiation from the heat source with different temperature. It can be seen that, when the temperature of the heat source rises from 300 K to 470 K, the short-circuit current increases from 0.055 µA to 1. (1) where 0 is the electron concentration in the conduction band, 1 is the intrinsic carrier concentration, 1 is the intrinsic energy level, is Boltzmann constant, is absolute temperature. Here, as mentioned above, the difference between the electron concentrations at liquid nitrogen temperature and at room temperature (shown in Table I ) may roughly be considered as the intrinsic carrier concentration, and the majority carrier concentration can be roughly considered as the electron concentration in the conduction band. By introducing these values into Eq (1), the Fermi level 1 can be written as
where the value of α is in the range from 0.02028 to 0.02582 eV.
Similarly, for p-type Sb2Te3 films, the Fermi level
where 2 is the intrinsic energy level of Sb2Te3 films, and the value of β is in the range from 0.01593 to 0.03502 eV.
Therefore, at room temperature, for Bi2Te3/Sb2Te3 heterojunction, the difference between two Fermi Levels can be written as:
Because the sum of α and β is in the range of 36.21-60.84 meV, the value of 1 − 2 depends mainly on the difference between two intrinsic energy levels 1 − 2 .
From previous references [19] [20] [21] [22] [23] [24] [25] [26] , it can be known that the electron affinity of Bi2Te3 is in the range of 4.125-4.525 eV [19] , the electron affinity of Sb2Te3 is 4.15 eV [20] , the bandgap of Bi2Te3 is 0.15-0.17 eV [21] [22] [23] and the bandgap of Sb2Te3 is 0.20-0.22 eV [24] [25] [26] . According to Eq. (4), there is a possibility that the intrinsic energy level of Bi2Te3 is lower than that of Sb2Te3. This might leads to the case that the Fermi level 1 of Bi2Te3 is slightly higher than 2 of Sb2Te3, as shown in Fig. 6 . In principle, the value of the opencircuit voltage (unit is V) of the cells should not be higher than that of the difference between two Fermi levels (unit is eV) 1 − 2 [27] . Therefore, the Another possible reason for the small output electrical power is the carrier recombination. Because both Bi2Te3 and Sb2Te3 thin films are polycrystalline, in which there exist a lot of defects such as grain boundaries and vacancies, the carriers can easily be recombined. This lowers the short-circuit currents and the open-circuit voltages [28, 29] .
Although the output electrical power of Bi2Te3/Sb2Te3 thermophotovoltaic cells is small, the obtained results are still of significance because it has been demonstrated that the electricity can be generated by the narrow bandgap semiconductor thermophotovoltaic cells through absorbing the infrared photons emitted from the room-temperature surroundings. Compared with photovoltaic cells and hightemperature thermophotovoltaic cells, thermophotovoltaic cells in this work have more extensive applications because of their low requirement for the radiation sources.
To improve the performance of the cells, one of possible solutions is to make the p-n junctions by two different semiconductors (at least one has a narrow bandgap) whose Fermi levels have a bigger difference so that the open-circuit voltage could be enhanced.
IV. CONCLUSIONS
In Bi2Te3/Sb2Te3 heterojunction，the intrinsic excitation makes the electrons and holes diffuse in the same direction from n-type Bi2Te3 to p-type Sb2Te3 instead of conventional bi-directional diffusion. The narrow bandgap Bi2Te3/Sb2Te3 thermophotovoltaic cells can output electrical power by absorbing the radiation from the heat source with the temperature from 300 K to 470 K. The weak radiation from the heat source, the energy structures of Bi2Te3/Sb2Te3 thermophotovoltaic cells and the carriers' recombination are responsible for the low output electrical power of the cells. The significance of this work is that it verifies that the electricity can be generated by the narrow bandgap semiconductor thermophotovoltaic cells through absorbing the radiation from dark and room-temperature surroundings.
